The cerebral cortex develops through the coordinated generation of dozens of neuronal subtypes, but the mechanisms involved remain unclear. Here we show that mouse embryonic stem cells, cultured without any morphogen but in the presence of a sonic hedgehog inhibitor, recapitulate in vitro the major milestones of cortical development, leading to the sequential generation of a diverse repertoire of neurons that display most salient features of genuine cortical pyramidal neurons. When grafted into the cerebral cortex, these neurons develop patterns of axonal projections corresponding to a wide range of cortical layers, but also to highly specific cortical areas, in particular visual and limbic areas, thereby demonstrating that the identity of a cortical area can be specified without any influence from the brain. The discovery of intrinsic corticogenesis sheds new light on the mechanisms of neuronal specification, and opens new avenues for the modelling and treatment of brain diseases.
. This leads to the specification of the two main populations of cortical neurons, pyramidal neurons and interneurons, which are generated from the dorsal and the ventral part of the telencephalon, respectively 1, [3] [4] [5] . A next level of complexity emerges through the specification of different subtypes of cortical neurons that will populate specific cortical layers, where they exhibit specific patterns of gene expression and connectivity. This specification follows a coordinated temporal pattern: neurons from different layers are generated sequentially 6 , but the underlying mechanisms remain poorly known [7] [8] [9] [10] . Finally, neurons from distinct cortical areas develop selective patterns of gene expression and projections, through the interplay between factors intrinsic to the cortex and extrinsic factors from the brain and body 3, [11] [12] [13] . A better understanding of cortical development would greatly benefit from reductionist approaches. Here we tested whether the complex developmental processes leading to the formation of the cerebral cortex could be studied in a meaningful way using an embryonic stem cell (ESC)-based system. This led to the surprising discovery of an intrinsic pathway that recapitulates in vitro most major milestones of corticogenesis.
Generating cortical progenitors from ESCs
To explore the possibility that forebrain identity might emerge during differentiation of ESCs in default conditions, as during in vivo embryogenesis 1 , we adapted a method of neurogenesis from adherent monocultures of ESCs 14 . We cultured ESCs at low density in a chemically defined default medium (DDM) devoid of serum or any morphogen but allowing cell survival by insulin. ESCs underwent an efficient neurogenesis process leading first to the generation of nestin 1 neural progenitors, followed by b-tubulin-III 1 and MAP2
1
(also known as MTAP2
) neurons, and finally by astroglial production ( Fig. 1a and Supplementary Fig. 1 ). Thus, ESCs cultured in the absence of any added morphogen efficiently differentiate into neural cells, as described 15, 16 , and follow a neuron-glia sequence highly reminiscent of cortical cells in vitro and in vivo 17 . We next looked at the regional identity of the neural progenitors generated in these default conditions: we found that most neural precursors expressed early markers of the anterior neurectoderm (OTX1 and OTX2, Fig. 1c, n) , markers of the dorsal forebrain (OTX1 and PAX6, Fig. 1d , e, n) and to a larger extent markers of the ventral forebrain (GSH2 (also known as GSX2) and NKX2-1, Fig. 1f , g, n and Supplementary Fig. 2a, d ). In contrast, only a minority (,1%) of progenitors expressed markers indicative of more caudal identity ( Fig. 1n and Supplementary Fig. 2b, c) . The forebrain-like identity of ESC-derived neural progenitors was further confirmed by polymerase chain reaction with reverse transcription (RT-PCR) experiments (Fig. 1m) .
Because SHH is required for the induction of the ventral identity of the forebrain, we hypothesized that the large proportion of ventral forebrain progenitors in DDM cultures might be induced by an endogenous SHH activity. Consistent with this hypothesis, we found that Shh was induced after 4 days of DDM culture (Fig. 1m) . We then attempted to block it during the neural progenitor differentiation process by using cyclopamine, a specific antagonist of the SHH pathway 18 (referred to as the 'DDM plus cyclopamine' condition). Cyclopamine did not change the neuralization process, nor did it alter the forebrain identity of the neural progenitors (Fig. 1a, b , h, n) or their proliferative pattern (data not shown). However, the addition of cyclopamine caused a massive increase in the expression of dorsal markers, whereas expression of ventral markers was almost abolished ( Fig. 1i-n ; P , 0.001 for all markers). Thus, after inhibition of SHH signalling in DDM cultures, ESCs can be converted to a largely homogeneous population of neural progenitors expressing markers of the presumptive cerebral cortex (Supplementary Fig. 2e ) 19 .
Generating pyramidal neurons from ESCs
We next examined the identity of the neurons generated in DDM and DDM plus cyclopamine conditions. We found that most b-tubulin-III 1 neurons derived from neural progenitors generated in DDM plus cyclopamine expressed the vesicular glutamate transporters VGLUT1 and VGLUT2 (also known as SLC17A7 and SLC17A6, respectively, Fig. 2d ), markers of pyramidal neurons of the cerebral cortex (Fig. 2e) , whereas only a minority of them expressed the vesicular GABA (c-aminobutyric acid) transporter VGAT, a marker of GABAergic inhibitory neurons (Fig. 2f) . In the case of neurons generated in DDM, we observed a much greater proportion of GABAergic neurons ( Fig. 2a-g ; P , 0.001, z-test for proportions) and a much lower proportion of glutamatergic neurons (P , 0.001 and P . 0.05, respectively, for VGLUT1 and VGLUT2). No markers of non-cortical fates, such as tyrosine hydroxylase, choline acetyltransferase, rhodopsin or GABA-a6-receptor were found in either DDM or DDM plus cyclopamine conditions (data not shown). We then performed patch-clamp recordings, and found that No difference is observed between DDM and DDM plus cyclopamine conditions. c-l, Expression of the early forebrain regionalization markers OTX1 and OTX2 (c, e, h, j), PAX6 (d, i), GSH2 (f, k) and NKX2-1 (g, l) among neural progenitors after 14 days of differentiation in DDM (c-g) or DDM plus cyclopamine (h-l). Nestin, green; markers, red; nuclear staining, blue. m, RT-PCR of specific marker genes of the telencephalon (Foxg1), dorsal forebrain (Emx1 and Emx2) and ventral forebrain (Dlx1, Dlx5, Nkx2-1 and Lhx6), and Shh from day 4-14 cultures of cells in DDM or DDM plus cyclopamine. n, Proportions of nestin 1 neural progenitors expressing specific neural regionalization markers after14 days of differentiation in DDM or DDM plus cyclopamine, showing a conversion from ventral to dorsal forebrain identity in DDM plus cyclopamine. Data are represented as mean 1 s.e.m. Scale bars, 20 mm. neurons showed spontaneous action potentials and synaptic currents in both DDM and DDM plus cyclopamine conditions (Fig. 2h, i and Supplementary Fig. 3a-i) . However, in DDM conditions, most recorded neurons displayed spontaneous GABAergic inhibitory post-synaptic currents (iPSCs), whereas, in DDM plus cyclopamine conditions, most recorded neurons displayed glutamatergic excitatory post-synaptic currents (ePSCs; Fig. 2j ; P , 0.05; Fisher exact t-test). Thus, the differences in expression of neurotransmission markers between neurons derived from DDM and those from DDM plus cyclopamine conditions correlate with functional differences in synaptic activity.
Cortical neurons can be also distinguished by their morphological properties: cortical excitatory neurons exhibit a pyramidal or unipolar morphology, characterized by the presence of one dendrite that is wider than the others, whereas GABAergic interneurons show multipolar morphologies. We compared the morphology of the neurons generated in each condition, and observed an important qualitative shift, with many more neurons in DDM plus cyclopamine displaying a unipolar pyramidal morphology (Fig. 3a-c , P , 0.01, x 2 test). We used a pyramidal morphology index (PMI) 20 to objectively distinguish the dendritic morphology of cortical pyramidal neurons and inhibitory neurons. Most neurons generated in DDM plus cyclopamine displayed a PMI corresponding to pyramidal neurons that was significantly higher than that in DDM conditions ( Fig. 3d ; P , 0.001, z-test for proportions; Supplementary Fig. 4 ; P , 0,001; Mann-Whitney test).
Within the cortex, glutamatergic pyramidal neurons are polarized and oriented radially, with one large dendrite pointing towards the cortical surface and the axon pointing towards the ventricular surface. Using a slice overlay assay 21 we tested whether ESC-derived neurons can orient radially like pyramidal neurons. Neurons were first differentiated in vitro from green fluorescent protein (GFP) 1 ESCs, and then dissociated and plated on mouse postnatal cortical slices. Most neurons generated in DDM plus cyclopamine displayed a radial orientation with a dendrite pointing to the cortical surface ( Fig. 3e-h ), whereas only a minor fraction of neurons generated in DDM showed this behaviour ( Fig. 3h ; P , 0,001).
Together, these data indicate that most of the neurons generated from ESCs in DDM plus cyclopamine display morphological and functional properties characterizing pyramidal neurons, whereas neural progenitors produced in DDM produces a mixture of GABAergic multipolar neurons and pyramidal neurons, in marked correlation with the differential dorso-ventral identity of the neural progenitors generated in each condition.
Sequential cortical neurogenesis from ESCs
Pyramidal neurons can be subdivided into numerous subtypes, defined in vivo by a repertoire of molecular markers, identifying distinct layer-specific neuronal populations 7, [22] [23] [24] . To examine the diversity of the neuronal repertoire derived from ESCs in DDM plus cyclopamine, we studied the expression of a large set of layer-specific markers corresponding to the major subtypes of cortical neurons generated in vivo in the mouse ( Fig. 4a and Supplementary Fig. 5 ). We determined the expression of these markers, alone or in combination, at the peak of generation of neurons (day 21) and found that each was expressed by a specific subset of the neurons, according to a combinatorial pattern notably similar to the one observed for native cortical neurons (Supplementary Figs 5 and 6a-i and  Supplementary Table 2 ). Although the repertoire of ESC-derived cortical neurons closely matches the one observed in vivo, we noted some quantitative differences, in particular an under-representation of upper layer subtypes (Fig. 4b, Supplementary Fig. 5 and Supplementary Table 2 ). This bias is also observed in cultures of genuine cortical progenitors 8 , suggesting that in vivo cues are required for the full generation of upper layer neurons 25 . These results indicate that a diverse and physiological repertoire of distinct subtypes of neurons corresponding to deep and upper cortical layers are generated from ESCs in DDM plus cyclopamine conditions, raising the question of whether they are specified according to a precise temporal pattern, as observed with native cortical neurons 8, 22 ( Fig. 4a) . We addressed this issue by examining the timing of onset of expression of these markers throughout the in vitro neurogenesis process (Fig. 4b) . The first detectable marker to appear in neurons was reelin, after 6 days of differentiation (Fig. 4b) . The early appearance of reelin 1 neurons suggested that these could correspond to CajalRetzius neurons (the earliest generated cortical neurons 22 ), which was confirmed by combined stainings for other markers of CajalRetzius neurons and overlay assays (Supplementary Fig. 7) . TBR1 was the second marker to be detected (after 7 days of differentiation), followed by OTX1 (8 days), CTIP2 (9 days) and finally SATB2 and CUX1 (12 days). Overall, this sequence is highly similar to the temporal pattern observed for genuine cortical neurons in vivo and ex vivo (Supplementary Fig. 5 ) 8, 22 . Next we performed 5-bromodeoxyuridine (BrdU) pulse-chase experiments combined with staining of the neuronal markers to determine the date of birth of each neuronal subtype in the ESC system (Fig. 4c ). This analysis revealed that neurons expressing layer-specific markers are generated in sequential overlapping waves: first reelin and TBR1 1 neurons (peak at day 10-11), followed by CTIP2 1 neurons (peaking at day 12-13), and then by CUX1 1 and SATB2 1 neurons (peaking at day 14-16; Fig. 4c ). These data demonstrate that ESC-derived neurons corresponding to distinct cortical subtypes appear through a coordinated sequence, as observed in vivo 6, 26 . To explore the cellular mechanism involved, we undertook cell lineage experiments using clonal cell analyses 8 . We first performed clonal dilutions of ESC-derived neural progenitors at a 6 and 8 days, Fig. 4d ). At early stages (2 days of clonal culture), such clones of neural progenitors generated mostly reelin 1 neurons and a few CTIP2 1 neurons. With time, the proportion of reelin 1 neurons decreased substantially, whereas the proportion of CTIP2 1 neurons increased. SATB2 1 and CUX1
1 neurons appeared later in the clones, with a maximum reached after 8 days of clonal culture days in vitro. Next we dissociated neural cultures from ESCs at different time points (from day 10 to day 16) and looked at their progeny after 6 days in vitro (Fig. 4e) . Consistently with the previous data, we observed that clones obtained from early progenitors (dissociated at day 10) generated mostly reelin 1 and some CTIP2 1 neurons after 6 days, whereas clones obtained from later progenitors (dissociated at days 12, 14 and 16) contained fewer and fewer reelin 1 neurons but many more CTIP2 1 neurons. These experiments also enabled detection of a substantial proportion of clones containing different types of neurons, such as reelin and CTIP2 single-labelled neurons (with a maximum at day 14 1 6) and reelin and SATB2 single-labelled neurons (Fig. 4e-g ). Together, these results indicate that the ESC intrinsic pathway leads to the generation of multipotent cortical progenitors that change in competence over time, as suggested for genuine cortical stem cells 8, 27 .
Cortical axonal projections of ESC neurons
To characterize further the functionality and identity of ESC-derived neurons, we performed in vivo grafting experiments in neonatal mice 13,28 using a TAU (MAPT)-GFP knock-in ESC line 29 to identify neurons and their axonal projections. ESCs were allowed to differentiate for 12-17 days in DDM plus cyclopamine conditions, and then were dissociated and grafted into the frontal cortex of mouse neonates. The differentiation and patterns of projections of the grafted cells were analysed after one month ( Fig. 5 and Supplementary Fig. 8 ). In all cases, the graft was localized underneath the frontal cortex or in the grey matter itself, and most of the grafted cells consisted of GFP 1 neurons that displayed molecular and morphological landmarks of mature pyramidal neurons, with no evidence of teratoma formation (Fig. 5a-d, Supplementary Figs 9 and 10, Supplementary Note 1 and Supplementary Table 3) .
We next examined the GFP 1 axonal projections of the grafted neurons, and compared them with the endogenous pattern of cortical projections (schematized in Fig. 5e, f) . In most of the grafted animals, we found significant projections throughout the external capsule and corpus callosum, up to the ipsilateral and contralateral cortex, corresponding to cortico-cortical projections (Fig. 5g, h,  Supplementary Fig. 8a-c 
and Supplementary Table 4). GFP
1 projections corresponding to subcortical efferents were found in the striatum, internal capsule, thalamus, cerebral peduncles and midbrain, and to pontine nuclei in the hindbrain (Fig. 5i-l, Supplementary Fig.  8d , e and Supplementary Table 4 ). Similar patterns of differentiation and axonal projections were observed when ESC-derived neuronal preparations were grafted in utero in embryonic day 13 embryos (Supplementary Note 2 and Supplementary Fig. 11d-g) .
Overall, the projections of the grafted neurons markedly resemble the pattern of cortical efferents, providing further evidence that most neurons generated from ESCs in DDM plus cyclopamine have a cortical identity. These results also demonstrate that the pattern of projections of the neurons is generated by a diverse repertoire of cortical neurons, including projections to the thalamus (corresponding to cortical layer VI), the midbrain and hindbrain (layer V), and the cerebral cortex (layers II/III and V). Importantly, when performing grafting experiments using neurons differentiated in DDM conditions (thus containing far fewer pyramidal neurons, Figs 1-3) , the grafted neurons displayed fewer cortical-like projections, but instead showed local neurite outgrowth and scattered multipolar neurons ( Supplementary Fig. 12 and Supplementary Table 6 ), confirming that the pattern of projections of neurons derived in DDM plus cyclopamine is mainly the result of an in vitro intrinsic program.
We next examined whether the grafting of ESC-derived neural progenitors and neurons differentiated after different periods of time, and thus possibly enriched for specific laminar fates, could generate different layer-specific patterns of projections in vivo. This analysis revealed that the proportion of projections found in thalamic, midbrain and cortical targets was different depending on the timing of differentiation. Grafts emanating from cells differentiated for a shorter period (12 days) displayed a higher proportion of projections to the thalamus than grafts emanating from cells differentiated for a longer period (days [14] [15] [16] [17] . Conversely, grafts emanating from later time points (14-17 days) displayed a higher proportion of projections to the cortex than the grafts from earlier time points (12 days), whereas the proportion of projections to the midbrain followed an intermediate temporal pattern (Fig. 5m; P , 0.001, x   2 test). In correlation with the increase in the proportion of corticocortical projections for cells cultured for longer periods, the proportion of CUX1 1 neurons, a marker of cortico-cortical projection neurons, was higher in the grafts emanating from cells cultured for 14 days than those cultured for 12 days in vitro (3 6 1% versus 11 6 2% (mean 6 s.e.m.), P , 0.01). Thus, the intrinsic pathway of corticogenesis leads to the sequential generation of a diverse array of cortical neurons displaying layer-specific patterns of axonal projections.
In addition to layer-specific patterns, cortical neurons display area-specific projections, so that each cortical area projects to selective targets in the rest of the brain 30 ( Fig. 5e, f) . To examine this crucial aspect of cortical identity, we performed a detailed analysis of the patterns of projections of ESC-derived grafted neurons. We found that grafted neurons projecting to the cortex, thalamus and midbrain/hindbrain did not innervate these structures in a diffuse way, but in a precise manner, corresponding mainly to visual and limbic occipital cortex (Fig. 5, Supplementary Fig. 8 and Supplementary Table 4 ). In the cortex, GFP 1 axons could be seen in most grafted animals in the visual areas (V1/V2), as well as in the limbic cortex, but no projections to motor (M1) or somatosensory (S1) areas were observed in any grafted animal (Fig. 5n and Supplementary Table  4 ). In the thalamus (Fig. 5j, o axons were observed to innervate the visual thalamic nuclei in most animals, whereas they were observed to innervate the other primary nuclei of the thalamus in only a few cases. Quantification of the distribution of GFP 1 fibres in each main thalamic nucleus (Fig. 5o ) revealed a much denser innervation in visual thalamic nuclei than in any other primary thalamic nucleus. Similarly, when examining projections to midbrain and hindbrain, in most cases GFP 1 axons projected to the superior colliculus (Fig. 5l, n) , the midbrain target of the visual cortex, whereas no fibres could be observed in the pyramidal tract or spinal cord corresponding to motor projections, or to the auditory inferior colliculus. In addition, most grafted animals sent projections to the limbic cortex, medial thalamic nuclei and midbrain periventricular grey matter, corresponding to structures receiving diffuse projections from the neocortex and limbic cortex (Fig. 5n,  Supplementary Fig. 8 and Supplementary Table 4) . A similar areaspecific pattern of projection was found after different days of in vitro differentiation (days [12] [13] [14] [15] [16] [17] , suggesting that cells were committed to these specific areal fates after at least 12 days in vitro.
The projections of ESC-derived neurons look strikingly similar to those described with late embryonic occipital cortex grafted into neonatal frontal cortex (which display a mainly visual identity), but are quite distinct from the pattern of embryonic frontal cortex grafted into frontal cortex (which develop mainly motor-like projections) 28, 31, 32 . Importantly, our results were all obtained with grafts in the frontal cortex, suggesting that the patterns observed were not due to the re-specification of the grafted neurons through the influence of the host 13, 31, 33 . ESC-derived neural cells thus appear to undergo in vitro an area-specific differentiation process that results in a surprisingly specific identity, corresponding mainly to occipital/visual cortex. Confirming this hypothesis, we found that even before grafting most ESC-derived neural progenitors expressed the CoupTFI (NR2F1) and CoupTFII (NR2F2) transcription factors (81.64 6 2.22% and 95.1 6 1.23%, respectively, Supplementary Fig. 8f, g ), which are preferentially expressed in the embryonic occipital/visual cortex 34, 35 .
Discussion
ESCs constitute a powerful resource in neurobiology, enabling the directed specification of spinal, hindbrain and midbrain neurons [36] [37] [38] . The ability for mouse ESCs to generate forebrain-like progenitors was reported previously, but the identity of the neurons generated had remained uncertain [39] [40] [41] . Here we demonstrate that ESCs can be efficiently specified into a repertoire of neurons that display cardinal features of cortical neurons, including patterns of axonal projections, opening new avenues to apply ESC technology to cortical biology and diseases 42 . Corticogenesis from ESCs follows the major milestones of cortical development, including regional and temporal patterning of pyramidal neuron specification, through the generation of multipotent cortical progenitors that sequentially produce neurons displaying distinct layer-specific identities. In contrast, ESC-derived cortical selective area-specific patterns of neuronal projections when grafted in vivo. a, Representative case of a GFP 1 (in white) graft located under the cerebral cortex with axonal projections through the internal capsule (small arrows), the external capsule (arrowheads) and the corpus callosum (large arrow). b, c, A graft located within the motor cortex, with most of the cells being GFP 1 (b, in green) and MAP2 1 (c, in red), nuclear staining is in blue. d, Single GFP 1 neurons grafted in the cortex display a pyramidal morphology and radial orientation. e, f, Scheme of the layer-and areaspecific endogenous patterns of projections of layer VI (e) and layer V (f) neurons, from motor (red), somatosensory (orange), auditory (green) and visual (blue) areas. e, Layer VI neurons project to the thalamus in an area-specific pattern: motor to the ventrolateral (VL), somatosensory to the ventrobasal (VB), auditory to the medial geniculate (MG) and visual to the lateral geniculate (LG) nuclei (other visual targets lateral dorsal (LD) and lateral posterior (LP) not shown). f, Layer V neurons project to more caudal structures in an area-specific pattern: motor to the pediculopontine nuclei (PPN) and the spinal cord, auditory to the inferior colliculus, and visual to the superior colliculus and PPN. g-l, Patterns of projections of the grafted ESC-derived neurons in the corpus callosum (g), the visual cortex (h), the internal capsule, the striatum (i) and the thalamus (j), with many fibres in LG but very few in the VB (arrow in j), the cerebral peduncles (k) and the superior colliculus (arrow, l). PAGM, Peri-aqueductal gray matter. m, Quantification of the proportion of fibres found in layer-specific targets, from grafted cells differentiated for different time periods in vitro. Increasing the time of differentiation yields more cortico-cortical fibres but less cortico-thalamic fibres (***P , 0.001). n, Quantification of the proportion of grafted animals displaying GFP 1 fibres in cortical areas and subcortical targets. IC, inferior colliculus; SpC, spinal cord; SC, superior colliculus. M1, motor area; Pyr, pyramidal tract; S1, somatosensory area; V1, V2, visual areas. o, Quantification of the number of fibres found in selective thalamic nuclei. Area-specific colour codes are the same as in e and f, and diffuse/ limbic targets are labelled in black (***P , 0.001). All values are displayed as means 6 s.e.m. Scale bars represent 500 mm (a), 50 mm (b, c, i, k), 20 mm (d), or 100 mm (g, h, j, l). Dorsal (D) is up and medial (M) is left.
progenitors have a much more restricted capacity to develop diverse area-specific identities, as most of the generated neurons display a selective pattern of visual/limbic areas. This surprising finding indicates that a specific cortical area can differentiate without any influence from the brain, through an intrinsic pathway that may correspond to an ancestral developmental program of the mammalian forebrain 43, 44 .
METHODS SUMMARY
Embryonic stem cells were propagated using standard procedures. For neural differentiation, ESCs were plated at low density on gelatin-coated dishes and cultured in DDM, devoid of any morphogen or serum derivative. Cyclopamine was added from day 2 to day 10 of differentiation. After 10-14 days of differentiation, neural progenitors were dissociated and plated on polylysine/laminin and cultured in N2B27 medium. For clonal analyses, neural progenitors were dissociated and cultured on polylysin/laminin-coated coverslips at clonal density. Immunofluorescent and RT-PCR detection of the markers were performed according to standard methods. Pyramidal morphology analysis and overlay assays were performed as described 20, 21 , and electrophysiology was performed using standard procedures. In vivo grafting was performed as described for embryonic cortical neurons 31 using neonatal or embryonic mice.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
METHODS
ESC culture. Embryonic stem cells (E14Tg2a (obtained from Baygenomics), E14Tg2a-GFP, a derivative thereof, and the TAU-GFP knock-in line 29 ) were routinely propagated using standard procedures 14 on gelatin-coated cell culture plastic dishes (0.1% gelatin, Sigma; for E14Tg2a cell lines) or on mitotically inactivated mouse embryonic fibroblasts (MEFs; for the TAU-GFP KI cell line). Neural differentiation. The neural differentiation protocol was adapted from the adherent monoculture protocol described previously 14 . Similar results were obtained with several ESC lines, including distinct derivatives of E14 and J1 cells. ESCs were trypsinized, dissociated and plated at a density of 5 3 10 3 cells per cm 2 on gelatin-coated cell culture plastic dishes in ESC medium. After adhesion, medium was changed to DDM. DDM consists of DMEM/F12 (InvitrogenGibco) supplemented with 13 N2 supplement (1003 N2 supplement consists of 8.61 mM insulin, 1 mM transferrin, 2 mM progesterone, 10.01 mM putrescine and 3.01 mM selenite; Invitrogen-Gibco), 2 mM glutamine, 13 MEM-nonessential amino acids, 1 mM sodium pyruvate, 0.5 mg ml 21 bovine serum albumin (BSA) fraction V (all from Invitrogen-Gibco), and 110 mM b-mercaptoethanol (Sigma). Cyclopamine (Calbiochem) was added from day 2 to day 10 in the differentiation medium at a final concentration of 1 mM. After 10 to 14 days of differentiation, cells were trypsinized, dissociated and plated on polylysine/laminin (Becton-Dickinson) coated glass coverslips and allowed to grow for 4-14 days in N2B27 medium. N2B27 medium consists of a 1:1 mixture of DMEM/F12 supplemented with 13 N2, 2 mM glutamine, 0.5 mg ml 21 BSA fraction V and 110 mM b-mercatoethanol with Neurobasal supplemented with B27 (without vitamin A; Invitrogen-Gibco) and 2 mM glutamine. Immunofluorescence and quantification. Medium was removed and cells were rinsed with PBS and then fixed for 30 min in 4% paraformaldehyde (PFA) in PBS, pH 7.4, at 4 uC. PFA was removed and cells were rinsed with PBS. Blocking and permeabilization was done in PBS with 5% horse serum (Invitrogen-Gibco), 3% BSA (Sigma) and 0.3% Triton X-100 (Sigma). Incubation with primary antibodies was done in PBS with 1% horse serum, 3% BSA and 0.1% Triton X-100 overnight (12-18 h) at 4 uC. Cells were rinsed three times with PBS and incubated with secondary antibodies in PBS with 1% horse serum, 33% BSA and 0.1% Triton X-100 for one hour at room temperature (18-20 uC) , and then rinsed again with PBS. For multiple labellings, the process was repeated. Nuclei were stained with bisbenzimide (Hoechst 33258; Sigma). For some antibodies, antigen retrieval was used before blocking. The primary and secondary antibodies used are described in Supplementary Methods 1.
For quantification of the proportion of cells expressing a specific marker, at least 300 cells from three independent experiments (at least 100 cells from each experiment) were counted for each time point studied. BrdU labelling. For pulse-chase experiments, BrdU (Becton Dickinson) was added to the differentiation medium on the different days (see text) during 24 h at a final concentration of 10 mM. Cells were dissociated after 21 days of differentiation and plated on polylysin/laminin-coated coverslips for an additional day. For short-term BrdU uptake experiments, BrdU was added to the differentiation medium during 1 h before cell dissociation and replating. BrdU was detected by immunofluorescence as described above. Clonal analyses. ESC-derived neural progenitors at day 10-16 were trypsinized and thoroughly dissociated with a Pasteur pipette and subsequently with a 200-ml tip into a single-cell suspension. Dissociation was checked under a brightfield microscope and usually yields .99% single cells. Cells were plated on polylysin/ laminin-coated coverslips at clonal density (3-5 cells per mm 2 ) into clonal medium supplemented with fibroblast growth factor (FGF2). Clonal medium was adapted from ref. 8 and consists in Neurobasal supplemented with 13 N2, 13 B27, 2 mM glutamine and 13 penicillin-streptomycin (Gibco). Half of the medium was changed every three days. FGF2 was added to the medium at concentrations (0.1 ng ml 21 or 10 ng ml 21 ) that have been shown to sustain clonal growth from single cortical progenitors and to allow the sequential generation of the different populations of cortical neurons 8 .
RT-PCR. RT-PCR was performed according to Supplementary Methods 2.
Morphology. For the morphology study, we used the PMI described previously 20 . Pictures of at least 100 neurons stained for MAP2 were taken randomly for each condition and from two different experiments, and the quantification was done blindly in Adobe Photoshop Software using a 25 mm circle drawn on a superposed layer. Overlay assay. Postnatal day 2 mice brains were dissected in cold L15 buffer supplemented with glucose, embedded in 3% low-melting point agarose in L15, and sectioned (coronal) on a vibratome at 300 mm. Slices were cultured on a transparent porous membrane (1 mm pore size, Greiner) in a 35-mm well containing N2B27 medium. Neurons derived from GFP-expressing ESCs were dissociated after 21 days by trypsinization and mechanical trituration, washed and resuspended at 1 3 10 6 cells per millilitre before being plated onto cortical slices. Slices were cultured for 4 days after plating, and then fixed with 4% PFA overnight at 4 uC and processed for immunofluorescence. PFA was removed and slices were rinsed three times with PBS. Immunofluorescence was performed as described previously. Quantification of radial dendrite orientation was done blindly according to ref. 21 using Adobe Photoshop software. At least 300 cells on at least 9 different slices coming from 3 independent experiments were assessed (at least 100 cells from each experiment). Electrophysiology. Electrophysiological recordings were performed according to standard procedures (Supplementary Methods 3) . In vivo grafting experiments. In vivo grafting in neonatal (day of birth or one day later) mice of ESC-derived cortical neurons (after 12-17 days in DDM plus cyclopamine or DDM) was performed as described previously for genuine embryonic cortical neurons 31 , with modifications described in Supplementary Methods 4. In utero grafting experiments were performed according to Supplementary Methods 5. Analysis and quantification of the grafts and their projections are described in Supplementary Methods 6.
